The transient temperature and pressure field development in the excimer laser-induced vaporization of liquids in contact with a solid surface is studied. A thin silicon film, which has temperature-dependent optical properties, is embedded between an absorbing chromium film and a transparent fused quartz substrate. Static reflectivity measurement is performed to determine the thin film optical properties at elevated temperatures. The transient backward reflectance responses from the silicon layer are compared with heat transfer modeling results. The backward reflectance probe is not affected by the creation of bubbles and is successfully employed for the first time to measure non-intrusively the temperature development during the rapid vaporization process. The optical reflectance probes are applied from the front-side and back-side of the sample simultaneously to monitor the dynamic bubble nucleation behavior and transient temperature development, respectively, at various ambient pressures using a high-pressure cell. The investigation on the effect of ambient pressure on the bubble nucleation threshold combined with the surface temperature measurement determines the thermodynamic state of the superheated metastable liquid at the interface and subsequently the explosion pressure.
Laser beani interaction with materials in liquid provides a very unique laser processing environment13. The explosive vaporization of liquid flims on the opaque solid surfaces heated by short-pulsed laser irradiation is utilized in laser-assisted cleaning of rnicrocontaminants4 and the liquid-film-enhanced laser-hardening of materials5. Shortpulsed laser-induced nucleation and cavitation in a tissue or an organ produces a sharp incision with minimal injury which enables the surgical operation in great accuracy. The therapeutic use of a laser instead of a surgical knife is already practiced clinically to a large extent, from the intraocular surgery in ophtha]mo1ogy to laser lithotripsy for the fragmentation of bilinazy and urinary ca1cu]i7' and laser angioplasty for the treatment of in cardiovascular disease9.
The physical understanding of superheated pure or mixed liquids, such as limit of superheat and critical phenomena, has been sought for a better control of such technical applications. The science of metastability of liquid has been established in the near-steady-state reme. There have been efforts to understand the thermodynamics of the rapid vaporization of liquids on an absorbing solid surface heated by nanosecond-pulsed laser irradiation. The transient development of the bubble nucleation process and the onset of phase change are monitored by simultaneous application of optical reflectance and scattering probes'°. The reflectance and scattering signals show the distinct transients of nucleation and growth of bubbles at the liquid-solid interface when the excimer laser fluence exceeds a certain liquid-dependent threshold10. The numerical heat conduction calculation also shows that the solid surface achieves temperatures of tens of degrees of superheat". However, no real-time measurement of the surface temperature development in the course of the laser-induced vaporization process has been made, although the surface temperature (i.e., the wall superheat) is the most important parameter in the heteroge neous nucleation phenomenon'213. The thermodynamic considerations on the problem including the degree of superheat required for a liquidvapor transition in nanosecond time scale have never been addressed. Disturbances by bubbles near the liquid-solid interface, the relatively low temperature change, and the insensitivity of electric and optical properties of metals on temperature have prohibited the precise detection of surface temperature during the laser4nduced vaporization. Recently, it has been proven that the transient optical transmission or reflectivity probe is a fast, reliable method with nanosecond resolution to monitor the temperature field development dunng the processing of semiconductor films by short.pulsed laserl*lS.
work, the optical reflectance probe is applied from the backside to the embedded thin semiconductor film. The backward reflectance probe is not affected by the creation of bubbles in the liquid and is successfully employed to measure the temperature field development during the rapid vaporization process.
The precise assessment of the value of pressure produced by the growing and collapsing bubbles is a critical step in designing the technical applications. The generation of strong pressure waves in liquid pools under intense short pulsed4aser ixradiation has been investigated by various methods, for example, using hydrophone or piezoelectric j19-21, photography, interferometry23, and optical probing4'25. However, most of optical (photographic) methods rely on the shock wave velocity measurements and the shock wave velocitypressure relations for the quantification of pressure26. In a lower energy regime where velocity is not supersonic, such a calibration is not applicable. The hydrophone or piezoelectric transducer probe also has a limit in general usage due to the transducer ringing and the lack of bandwidth. In this work, a systematic study is performed on the pressure generation by monitoring the bubble growth kinetics combined with the photothermal temperature measurement at several ambient pressures in a pressure cell. Hence, the thermodynamics state is determined for the rapid vaporization of liquids. Consequently, the precise evaluation on the pressure level and the metastabiiity behavior of liquid is obtained.
EXPERIMENTAL ARRANGEMENT AND PROCEDURE
The experimental setup is shown in Fig. 1 . A liquid is filled in a massive high pressure cell (maximum pressure 100 atm) made of stainless steel and quartz windows. The pressure cell is designed to minimize the en- The solid sample has 3 layers as shown in Fig. 2 . The top layer is an absorbing film, the intermediate layer is an optical temperature sensor whose optical properties vary with temperature, and the bottom layer is a transparent substrate. In the temperature monitoring scheme of this work, the change of optical properties, i.e, the change of the temperature, is probed by the photothexmal reflectance of the intermediate layer irradiated from the backside (substrate side). The advantage of the probe from the backside is the ability of avoiding the occurrence of events near or on the laser irradiated surface such as bubble nucleation. In this study, chromium is selected as a top layer material, polycrystalline silicon (pSi) as an optical sensor, and fused quartz as a substrate. The thickness of the chromium layer is determined to be larger than the optical penetration depth at the excimer laser light wavelength, which is 9.8 am for the bulk chromium. Therefore, the direct heating of the temperature sensor layer by the excimer laser will not occur. On the other hand, the thickness of the chromium layer is sufficiently smaller than the thermal penetration depth. The thermal penetration depth of chromium is 0.17 tm at 1 ns. The optimum thickness of the temperature sensor layer has to be well designed for better temperature sensitivity. In order to maximize the temperature sensitivity, the thickness of the sensor film has to maximize dlt/dT, where .is the reflectivity of the sensor film. It is known that the change of reflectivity due to the change of refractive index is maximum when the optical thickness nd is similar to the wavelength. In this work, the sample with the 0.15
.zm-thick Cr film and 0.35 m4hick p-Si film deposited on a 500 sm-thick fused quartz substrate is fabricated. Both sides of the surface are probed by two CW lasers. Since the Cr film has no intrinsic thennoreflectance effect, any change of the optical reflecance is ascribed to the formation of bubbles on the surface. On the other hand, due to the absence of bubbles in the backside, any change on the reflecance from the p-Si layer is only caused by the temperature change. Hence, the temperature and the bubble nucleation behavior can be obtained separately at the same time. The KrF excixner laser beam (A = 248 nm, pulse width = 16 ns FWHM) is irradiated over a large area
(1 x 1 cm2) and absorbed by the Cr layer. The probe CW lasers are an Ar (A = 488 n.m) for the forward reflectance, and a HeNe laser (A = 632.8 nm) for the backward reflectance. It is noted that the incident angle for the forward reflectance is so small (< 100) that the photoacoustic deflection of the beam can be neglected.
STATIC TEMPERATURE CALIBRATION
First the photothermal reflectivity from the back-side of the sample is calibrated by the static experiment. The sample is mounted on an aluminum block of which temperature is controlled within 0.1°C. The measured static reflectivity are fitted to obtain the optical properties of quartz substrate and p-Si film: np-si = 4.01 + 3.31x104x(T-20) (2) = O.0355x exp(--) (3) where the temperature T is in degree Celcius. It is noted that the obtained optical properties are close to the literature values27. The accuracy of the fitting is better than 1%. The optical property change of the fused quartz does not affect the transient temperature measurement in nanosecond time scale because ofthe poor thermal conductivity of quartz. The temperature profile in the sample is modelled by the one-dimensional heat diffusion equation. Detailed procedure on the temperature modeling appear elsewhere'7. In the calculation of the theoretical reflectivity response, a stratified-layer approach is utilized to take an account of the steep temperature gradient across the sample in the nanosecond time scale17. In this approach, the sample is assumed to be comprised of multiple layers with the calculated temperature and corresponding optical properties determined by the static calibration. The reflectivity is calculated by the thin-film matrix method28. pliotothermal reflectance response (dotted line). The measured (solid line) and calculated (dotted line) evolutions of surface temperature are compared in the bottom panel. The measured surface temperature trace is converted from the obtained reflectance signal. The measured maximum surface temperature value is the same as the calculated, 476 K, which is 103 K above the boiling temperature.
TRANSIENT TEMPERATURE MEASUREMENT
The transient temperature measurement for the methanol/chromium interface of the sample at the fluence of 27. 1 J/em2 at atmospheric pressure is shown in Fig. 4 . A drop in the forward reflectance is seen in the top panel of the figure. Hence bubble nucleation takes place at this fluence level. By repeated measurements, the threshold for nucleation is determined to be 23.5 mJ/cm2. The temperature measurement on methanol results in the maximum surface temperature of 422 K and the calculation yields 409 K. Consequently the degree of superheat required for the nucleation in the nanosecond heating is approximately 80 K (boiling point 337.9 K).
The measured peak surface temperature at atmospheric pressure is plotted as a function of the excixner laser fluence in Fig. 5 for water. The temperature is approximately linear with the fluence. The discrepancy between the measurement and calculation arises from the possible departure of thermal properties of thin films from bulk values and the existence of contact resistance between layers. Nevertheless, it can be stated that the technique used in this work can measure the surface temperature with accuracy of 30°C. The different slope of the temperature rise versus fluence between experiment and calculation is due to the increasing departure of properties from bulk values at higher temperatures. It is also in part due to the assumption in the computation that no phase change is taken into account. This is a fair assumption, however, because a large fraction of heat is transfeired to solid and only a small fraction of the absorbed heat is transferred to the liquid. Therefore, the temperature field is not strongly affected by the occurrence of vaporization and the inteiface temperature can be well estimated by the simple conduction equation. It is however noted that the trend of lower measured temperature compared with the calculated values at higher laser fluence suggests the increasing amount of vaporization at higher temperatures. It is also observed in methanol as illustrated in Fig. 6 . The trend of lower measured temperature than calculated temperature is more pronounced in methanol. Generally, experimental data of methanol are not as good as those of water. This is attributed to the lower temperature rise of methanol, i.e., worse signal-to-noise ratio, and higher volatility. Error bars are indicated in Fig. 6 . The limit of superheat of methanol is 477 K. Surface temperature exceeding the limit of superheat is also measured (see Fig. 6 ). At this condition, it is expected that the liquid adjacent to the surface would completely evaporate, forming a vapor film. This hypothesis is indeed confirmed experimentally. Figure 7 shows the forward reflectance transients for increasing laser fluences. When the surface temperature is below the limit of superheat at 30.3 mJ/cm2, the forward reflectance curve shows typical bubble growth and collapse signatures (see Fig. 4 ). At higher fluences, the experimental reflectance curve shows the characteristics of a vapor film. First, the amount of the reflectance drop is smaller, i.e., the scattering loss is smaller. It is known that a smooth vapor film will scatter less light than a cloud of bubbles. Secondly, the evolution of signal is much slower. Once a vapor film forms, the creation of bubbles (drop of the reflectance signal) is delayed until the vapor film collapses and breaks up due to cooling. Since the limit of superheat of water is very high (596 K), such an effect has not been observed for water.
BUBBLE GROWTH DYNAMICS IN HIGH PRESSURE
The change of the specular reflectance in a high-pressure cell is monitored for the measurement of pressure. The transient signatures of the forward specular reflectance at various pressure levels at the fixed excimer laser fluence are shown in Fig. 8 for water and Fig. 9 for methanol. The initial increase of the reflectance is due to the interference of the thin layer of small bubbles'°. The nucleation of bubbles at the stage of initial rise of signal where the bubble size is ' A/2irn (Rayleigh scattering regime)'° is nearly insensitive to the increase of ambient pressure.
This finding indicates that the transition temperature of liquid to vapor is not sensitive to the pressure. It agrees with the fact that the limit of superheat, i.e., the liquid spinodal, is only a very weak function of pressure. It is, however, clearly seen that the negative amplitude of the reflectance, i.e., the growth oflarge bubbles (>> A/2irn: Mie scattezing regime), decreases with the ambient pressure. Atpi 3.3 MPa for water and atp, 1.3 MPa, the bubble growth is completely suppressed so that the negative phase of the specular reflectance is not observed. The negative drop of the reflectance is an indicator of the number and the size of bubbles causing Mie scattering (r >> A/2irn) 10,11 Figures 10 and 11 display the magnitude of the negative drop of the specular reflectance as a function of liquid pressure for water and methanol, respectively. The zero reflectance drop indicates that no bubble much bigger than A/2trn is detectable. Therefore the "cut-off pressure" is defined as the minimum liquid pressure at which no bubble with size much bigger than A/2irn is generated, i.e., as the intercept of the reflectance drop curve on the abscissa. The measured cut-off pressure is summarized in Table 1 for water and methanol at various laser fluences. The measured surface temperature and conesponding saturation pressure are also listed. It is noted that the cut-off pressure is higher than the saturation pressure. Under thermal equilibrium, the condition for bubble foimation is that the vapor pressure must be larger than the ambient liquid pressure. Therefore the difference between the cut-off pressure and the saturation vapor pressure p(T,) is an amount to be accounted for nonequilibnum vaporization. This can be understood as an excessive pressure force preventing further bubble growth or as a dynamic pressure generated by the exploding bubbles. The excessive pressure Pex S dfiIid S the difference between the cut-off pressure and the saturation vapor pressure, i.e., = Pt-off p0(T,). Hence ez iS a measure of the transient component of pressure generated upon vaporization and is of the order of 1 MPa in Table 1 . It is noted in Table   1 that IflCS5 With fluences. Therefore, the transient force is greater when the laser fluence is higher, i.e., the surface is hotter.
CONCLUSION
Transient optical techniques including phototherinal reflectance and specular reflectance probes have been utilized together with a high-pressure cell to obtain quantitative temperature and pressure values during the laserinduced vaporization of liquids on a solid surface. Two time-resolved optical probes for bubble growth kinetics and temperature measurements are applied simultaneously in a high-pressure cell at elevated ambient pressures. The transient temperature measurement revealed that liquids can sustain about a hundred of degrees of superheat before the vaporization occurs. It has been found that bubble growth can be suppressed under tens of atmospheric pressure. It has been also estimated that pressure level generated by the explosive bubble growth is of the order of a few atmospheric pressure. 
